A two-dimensional linear stability analysis of rotating stall in a wide radial vaneless diffuser is performed to determine the onset and the characteristics of rotating stall. In addition, a dedicated experiment test rig was used to study the abilities and the limits of the theoretical model. The characteristics of rotating stall (number of modes, propagation velocity, critical angle at which the instability may appear) are calculated by this method and compared to experimental results. Besides, the growth rate of each stall mode has been calculated to determine the dominant stall mode. The ability and limits of this approach is discussed.
INTRODUCTION
Turbomachinery is one of the most important parts of many devices in modern society. Pumps and compressors are widely used in water supply, irrigation, aeronautics, ships etc. The design of turbomachinery can be focused on many aspects: one of them is to be able extend the operating range of the machine. Concerning this purpose, it is known that rotating stall is one of the unstable phenomena which could prevent to operate turbomachinery at partial flow rate. It has indeed some negative effects on the machine itself or on the system -noise, vibration and mechanical damage (Dazin et al, 2008 . Therefore, studying the characteristics of rotating stall and its onset mechanism can help to improve the stability of system. Rotating stall can affect several parts of turbomachineries. The phenomenon studied in the present paper is affecting vaneless diffusers of radial pumps or compressors.
Many studies of this kind of rotating stall have been carried out. Jansen (1964) has used theoretical and experimental approach to study the rotating stall in a radial vaneless diffuser, and indicated that the occurrence of rotating stall is associated with inward radial velocities. Tsujimoto et al (1996) studied the same phenomenon by a two dimensional, inviscid and incompressible analysis. They found that the critical flow angle (angle under which the phenomenon is occurring) and the propagation velocity ratio of one given unstable mode are only depending on the diffuser radius ratio and the number of cell. Ljevar et al (2006 Ljevar et al ( , 2007 have conducted two dimensional, viscous, and incompressible numerical simulations to determine whether the two dimensional core flow instability will lead to rotating stall. Pavesi et al (2011) and Dazin et al (2008 Dazin et al ( , 2011 have used PIV technique to study rotating stall in the vaneless diffuser of a radial fan. The structure of rotating stall was clearly obtained and compared to 3D numerical simulation results.
Two types of rotating stall were identified (Ljevar 2007; Shin et al 1998; Abdelhamid and Bertrand 1980; Gao et al 2007; Dou 1991) : 1) For narrow vaneless diffusers (h/r 2 <0.1), as shown in figure 1 (Ljevar, 2007) , the mechanism is associated with a three dimensional wall boundary layer instability. It can be seen that the wall boundary layers in narrow vaneless diffusers can merge together and occupy the whole flow channel. This kind of diffusers has been widely studied by Jansen (1964) , , , Caignaert et al (1982) , Dou and Mizuki (1998), Frigne and Van Den Braembussche (1985) , Ishida et al (2001) .
2) For wide vaneless diffusers (h/r 2 >0.1), the space is large enough to have a two dimensional core flow between boundary layers and rotating stall is actually due to a two dimensional analysis the core flow instability. This kind of diffusers has been studied by Tsujimoto et al (1996) , Abdehamid (1980) , Moore (1989) , Ljevar et al (2006 Ljevar et al ( , 2007 , Dazin et al (2008 Dazin et al ( , 2011 and it has been showed that a core flow instability develops when a critical inlet flow angle α c is reached.
In the present study, rotating stall in a wide vaneless diffuser was studied by a two dimensional linear analysis based on Tsujimoto's theorical approach (Tsujimoto et al, 1996) . The characteristics of rotating stall, such as the critical flow angle, the propagation velocity of stall cells were calculated. A dedicated experimental test rig was used to experimentally observe and analyze the characteristics of rotating stall. Besides, while multi stall modes exist at one flow rate, the estimations of the growth rate of each stall mode are performed to determine the dominant one. By comparing the theoretical result to our experimental results and other results found in the literature, the abilities and limits of this kind of linear analysis are then discussed.
Figure1. Structure of narrow and wide vaneless diffuser (Ljevar, 2007)

THEORETICAL MODEL
Basic Equations
Figure.2 Streamline in the vaneless Diffuser
In this analysis, several assumptions were made: the flow is two dimensional, and the fluid is incompressible and inviscid, axisymmetric boundary conditions (uniform static pressure at diffuser outlet and imposed velocity magnitude and angle at inlet) are assumed, Under these conditions, the streamlines in the vaneless diffuser are logarithmic spirals from diffuser inlet A to outlet B, as shown in figure 2 . Besides, the continuity equation in cylindrical coordinate system is
If the gravity is neglected, the momentum equations are the following:
where r V is the radial velocity, V  is the tangential velocity. The equation of vorticity
where V and  can be decomposed as: 
Then a set of basic equations yield:
The basic solution of a steady flow, for equations (7.a -7.e) gives :
.
Dimensionless Equations
The quantities 3 r , 
Linearization
The flow in the vaneless diffuser will be now represented by the sum of the steady flow obtained in the previous paragraph and a small unsteady disturbance. We then get:
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Introducing the above expansion into the equation set (8.a-8.e) and keeping only the terms with first order of  , we then obtain the linearized equations for , , 
Normal Modes Analysis
The solutions for disturbances in the form of normal modes is the following :
Where n is the number of modes -which could represent in our case, the number of rotating stall cells-The complex pulsation  could be divided in a real and complex part du in dp i u u u u r r dr r r dr
The above system can be solved with specific boundary conditions as proposed by Tsujimoto et al. (1996) 
The above expression can be simplified by using equation (11.e) to obtain the dispersion equation, 
Theoretical Results
We first determine the critical angle and the corresponding critical non-dimensional propagation velocity
at the onset of instability as a function of the diffuser radius ratio R by setting   in the dispersion equation (13). From the results presented in figure 3 and in figure 4 , it can be observed that both the critical angle and the critical non-dimensional propagation velocity depend on the number of stall modes n in addition to the diffuser radius ratio R. It appear (Fig 3) that, the value of the critical flow angle decreases with the decrease of the radius ratio R, except for the mode n=4 for radius ratio higher than 2. Tsujimoto et al. (1996) have provided quantitative information on the stability conditions, it was limited to the neutral stability regime (i.e.  ). Therefore, the present contribution aims to extend the analysis to unstable flow conditions with a positive growth rate (i.e.
 
). More precisely, the dependence of the propagation velocity 2 / p VV  and the growth rate  on the flow angle  will be examined for different fixed diffuser radius ratio R and different fixed number of stall modes n.
The computed values of the growth rate  , for assigned number of modes n and the diffuser radius ratio R are reported in figure 5. In this figure  is plotted versus  for R=2 and R=2.5 with n=1, n=2, n=3 and n=4. The plots in figure 5 show that the growth rate  changes from negative for , the number of stall cells corresponding to a maximum growth rate max  is indicated in figure 5 for two geometric configurations with R=2 and R=2.5. A close inspection of this figure shows that, generally, the growth rate is associated with the mode n=1 is always smaller than the nearly similar growth rate of the modes n=2, 3, 4. 
COMPARISON WITH EXPERIMENTS
Experimental Apparatus
To validate the theoretical prediction of the above model, a dedicated experiment test rig was used, as shown in figure 7 , and the main parameters of the impeller and vaneless diffuser are given in table.1. For this experiment, 1) A specially designed wide vaneless diffuser (h/r 2 =0.15), with a radius ratio R = 1.5 was used to enable having a core flow instability. 2) Incompressible flow: the Mach number of the fluid in vaneless diffuser is equal to 0.07, so it can be considered as an incompressible flow. 3) Axisymmetric outlet boundary conditions: no volute was set downstream of the vaneless diffuser to have an outlet static pressure uniform and equal to the atmospheric pressure. A set of changeable diaphragms is available to be installed at the tank inlet to adjust the flow rate. The flow rate is determined through the pressure drop induced by the diaphragm. The measurement uncertainty associated with this measurement is less than1%. Two Brüel & Kjaer condenser microphones (Type 4135) were used to get the unsteady pressure fluctuations. They are located at the same radius on the diffuser wall but with an angle shift of △θ =75°, this phase difference enables us to get the number of stall cells. The experiment was made in air and the impeller was rotating in clockwise direction with rotating speeds 1200rpm. The measurement uncertainty for these measurements was less than 1%.
Experimental Results
Prediction of stall modes 22 flow rates were tested in experiment and different rotating stall modes were observed at five partial flow rates. Two spectra at flow rate Q/Q d =1.0 and Q/Q d =0.26 are given to illustrate the characteristics of rotating stall, as shown in figure 8. It can be seen that the dominant frequency at design flow rate is the blade passing frequency; the impeller frequency and its harmonics are also significant. However, at Q/Q d =0.26 the spectrum is dominated by several low frequency peaks observed in the spectra : the dominant, second, third and fourth modes of rotating stall are defined, and given in table 2.
The diffuser inlet flow angle  was estimated from the calculation of the velocity triangle at impeller outlet, using Stodola slip factor; the angular frequency ω rs of stall cells was determined from the analysis of the unsteady pressure fluctuations measured by two microphones. Based on the result shown in figure 3 , the first stall mode n=4 should theoretically appear in the case of R=1.5 when the flow angle decreases to  9.85°. However, in experiments, this mode was first observed when  =5.72° as given in table 3.
It seems that the linear stability analysis predicts the rotating stall occurs at greater flow rate, and greater inlet flow angle compared to what it is observed in experiments. This could be due to 1) A wrong estimation of the experimental flow angle calculated by the estimation of the velocity triangle at impeller outlet. In order to confirm the real flow angle, new experiments are scheduled in the next future to measure it directly with a probe.
2) The theoretical model is based on some assumptions and hypothesis which are not completely relevant from the physical point of view. Figure 9 shows the propagation velocity V p /V θ2 as a function of the inlet flow angle  . It is comparing the experiment results obtained in the experiment described above (in which R=1.5) to the prediction of the analytical model. The mode n=1 was eliminated due to its low amplitude in experiments. The same tendencies were observed from experimental and theoretical results: 1) First, the propagation velocity increases as the flow rate decreases. The reason could be directly linked to the increase of the tangential velocities that could be observed in vaneless diffuser when the flow rate is decreased. Besides, another mechanism proposed by Ljevar (2007) who indicates the increasing flow rate result in a further distance of the cells from impeller, and then the lower the propagation velocity of rotating stall cells seems to be. 2) The measured propagation velocities agree qualitatively with the theoretical predictions. From the quantitative point of view, there is also a good agreement between theory and experiments for 2 cells propagation velocity, while the theoretical predictions overestimate the propagation velocity for larger number of cells. Growth rate of rotating stall in connection to experiments As for the two cases studies previously with R=2 and R=2.5, we determine the growth rate corresponding to the vaneless diffuser with R=1.5 as a function of  for different modes of instability. The objective is to verify if the dominant stall mode observed experimentally may correspond to the mode with the maximum growth rate as it is predicted by linear stability analysis. The results are shown in figure 10 . As can be seen from this figure, the mode n = 4 has a maximum growth rate, independently of the angle flow  . This theoretical prediction contrasts with the experimental result where the observed mode is evolving from n = 4 to n = 2 and n = 3 when the diffuser inlet flow angle is decreased from  =5.72° to  =2.29°.
This could be ascribed to the linear assumption which ignored the effect of non-linear interaction between different stall modes. When rotating stall first occurred in vaneless diffuser, the flow is dominated by one mode. Once the flow angle decreased to a level that allows the existence of multi stall modes, the non-linear interaction will affect the evolution of the dominant mode. In that case, linear approach becomes clearly limited to predict the dominant mode of instability.
One last comment is now proposed to conclude concerning the growth rate. While the theoretically predicted dominant mode is the one with a larger number of cells for R=1.5, the same conclusion cannot be drawn for other radius R. Indeed, the results obtained in the current study indicated that the predicted dominant mode is not always n=4 but depends on the flow angle  and the radius R. By decreasing , the dominant mode changes successively from n=4 to n=3 and to n=4 cells for R=2, and from n=3 to n=2 and to n=4 cells for R=2.5. This result is a motivation to perform new experiments with different diffuser radius ratio to verify the presented theoretical results and to get a more comprehensive conclusion.
CONCLUSIONS
Rotating stall in the wide vaneless diffuser was studied by a two-dimensional linear stability analysis which is based on the assumptions of a two dimensional, inviscid, incompressible flow and with an axisymmetric boundary condition at diffuser outlet. The critical flow angle, the propagation velocity and growth rate of unstable modes were determined.
Some experiments were performed to verify the abilities and limits of the theoretical model. Rotating stall was observed at five partial flow rates and the characteristics of the unstable modes were extracted from pressure spectra analysis.
The comparison between theoretical predictions and experimental results shows that the linear stability analysis predicts correctly the occurrence of rotating stall. Some remarks deserve to be drawn: 1) Rotating stall in experiment appears for smaller flow angle than the theoretical prediction.
2) The qualitative behavior of the propagation velocity predicted by the linear stability approach is in a good agreement with experiments, although theory overestimates this velocity for large number of cells.
3) The study of the growth rate of each unstable mode predicts correctly the dominant mode at the onset of instability. However, for large growth rate the linear approach fails to predict the dominant mode. We believe that the reason is twofold: first, the experimental flow angle was estimated by the calculation of the velocity triangle at impeller outlet and not directly measured; second, the linear stability analysis presents some clear limits when several competitive modes are interacting.
This motivates some new studies in the next future: a new experimental campaign, based on probe measurements, is programmed. Besides, a nonlinear stability approach will be conducted in order to clarify the effect of the nonlinearities of the problem on the behavior of rotating stall when several modes are interacting.
